Introduction {#Sec1}
============

Soil microbial community structure, composition and function depend on an array of biotic and abiotic parameters, such as soil physicochemical characteristics, above ground vegetation, nutrient availability and environmental conditions, including macroclimate and microclimate, which in turn affect soil organic matter storage and turnover and biogeochemical cycling (Bossio et al. [@CR4]; Rousk et al. [@CR62]; Brockett et al. [@CR8]; Urbanová et al. [@CR77]). Our knowledge on how these complex interactions occur has been slowly increasing through recent years. Some studies have been focused on the effect of climate on the diversity and activity of soil prokaryotic and eukaryotic microbial communities with regard to latitude, but insufficient attention has been given to the effects of altitude (Vishniac [@CR78]; Yergeau et al. [@CR84]; Wu et al. [@CR79]). The drastic variation of biotic and abiotic factors along altitude over short geographical distances have indicated that mountain areas can be used as a model to examine the stability of an ecosystem under environmental and climate changes (Diaz et al. [@CR14]; Margesin et al. [@CR47]). Furthermore, temperature strata and vegetation zonation along gradients of altitude are analogous counterparts of the latitude climatic zones since temperature decreases with increasing altitude and latitude (Kuhn [@CR31]).

Our previous studies indicated a decrease of microbial abundance and activity, an increase of the ratio Gram-negative/Gram-positive bacteria and an increase of the relative proportion of culturable psychrophilic heterotrophic bacteria \[with a dominance of *Proteobacteria* and a decrease of the *Cytophaga*--*Flavobacterium*--*Bacteroides* (CFB) group\] with altitude due to increasing environmental harshness (Margesin et al. [@CR46], [@CR47]). Other studies supported these conclusions and reported that major microbial structure changes across altitude gradients resulted in a decrease of bacterial and fungal diversity and in a loss of functional activity (Uchida et al. [@CR76]; Lipson [@CR34]; Xu et al. [@CR81]). Inverse correlations between bacterial community abundance and altitude were also found in Chinese and Indian mountain slopes (Ma et al. [@CR39]). Culture-independent approaches revealed a dominance of *Betaproteobacteria* at higher altitudes in western Himalayas, India, while *Gammaproteobacteria*, *Bacteroidetes* and lower proportions of Gram-positive bacteria (mainly *Firmicutes*) dominated the culturable community (Gangwar et al. [@CR23]). However, others concluded that microbial diversity was not significantly altered across a montane elevational gradient in eastern Peru, using a barcoded pyrosequencing procedure, in opposition to the drastic changes observed for plant and animal taxa (Fierer et al. [@CR18]). The same finding was corroborated by studies that described stable microbial community composition in tundra soils of Finnish Lapland and in elevations on Changbai Mountain in Asia along an increase of altitude as long as the soil pH was similar (Männistö et al. [@CR42]; Shen et al. [@CR64]). In contrast to bacteria, no studies on the impact of altitude on culturable yeast biodiversity in Alpine soils are available. The sole comparable study was carried out in Antarctic Dry Valleys, where fungal assemblages resulted to be dominated by ascomycetous yeasts (Yung et al. [@CR85]).

Alpine soil environments are characterized by dramatic seasonal shifts in physical and biochemical properties along altitude gradients. Microbial communities may be shaped seasonally as response to the large and frequent (diurnal) temperature fluctuations, regular soil freeze--thaw and wet--dry events (Nemergut et al. [@CR55]; Margesin [@CR44]). Studies on the effect of seasons on diversity and abundance of alpine soil bacterial communities in the Colorado Rocky Mountains reported major changes in bacterial structure through seasons. *Acidobacterium* and CFB divisions were most abundant in spring, while *Verrucomicrobium* division and *Betaproteobacteria* dominated the uncultured community in summer (Lipson and Schmidt [@CR35]). *Alphaproteobacteria* were equally abundant in all seasons. The majority of the cultured microorganisms affiliated with uncultured sequences that belonged mainly to the *Gamma*-, *Beta*- and *Alphaproteobacteria*, *Actinobacteria* and to the CFB group (Lipson and Schmidt [@CR35]). In forest soils, a high microbial metabolic versatility and capability to adapt to climatic changes associated with seasonality was reported (Ma et al. [@CR39]; Giri et al. [@CR25]; Männistö et al. [@CR42]; Rasche et al. [@CR60]; Fierer et al. [@CR18]; Shen et al. [@CR64]). All these investigations agree that altitude per se is not the driving force to promote changes in the microbial structure, instead a wider range of factors, such as the temperature and precipitation regimes that may indirectly control soil carbon input by influencing plant community and primary production, has to be considered.

In Alpine environments, increasing temperature associated with global warming is expected to cause an upward migration of vegetation zones. This may alter the composition of vegetation as well as the quantity and quality of plant litter, which in turn affects microbial community composition and functioning (Gavazov [@CR24]). Forests are expected to face significant pressures in the future from climate change. Up-to-date reports describing the variation of both prokaryotic and eukaryotic microbial communities in Alpine forest soils due to altitudinal and seasonal effects are very scarce, although such studies may help to explain the physiological characteristics of the microbial community as a whole as well as adaptation processes to fluctuating environmental conditions.

At low temperatures, which prevail at high altitudes and in seasonally cold periods, the activity of psychrophilic microorganisms is required to ensure decomposition processes of organic matter and to provide nutrients to plants. These microorganisms are characterized by their ability to grow well and to display high metabolic activities at low temperatures down to and even significantly below the freezing point of water (Margesin and Miteva [@CR45]). The understanding to what extent psychrophilic communities are adapted to cold conditions and how they respond to temperature changes can shed light on how climate change will impact high altitude regions.

It is recognized that culture-dependent methods underestimate the abundance of microbial cells in environmental samples or that microorganisms isolated on culture media are rarely representative or functionally significant (Rappé and Giovannoni [@CR59]). However, it has also been demonstrated that culturomics have the potential to retrieve both abundant and rare taxa and permit to obtain additional information about the physiological and metabolic state of the microbiota present in environmental samples (Pedrós-Alió [@CR56]).

In our previous studies, we examined microbial activity, abundance and community structures in soils collected from four forest sites in the Italian Alps along an altitude gradient ranging from 545 to 2000 m (tree line) above sea level (Siles and Margesin [@CR65]; Siles et al. [@CR66]). These studies showed altitude-related shifts in soil microbial communities and indicated environmental and soil nutrient conditions prevailing at each site as driving factors. However, due to the application of non-culture-based techniques, the evaluation of altitudinal and seasonal impacts of psychrophilic and mesophilic microorganisms was not possible. Therefore, it was the objective of this study to examine the effects of altitude and season on the diversity of culturable heterotrophic bacterial and yeast communities in these soils collected in spring and autumn. To evaluate population shifts between psychrophiles and mesophiles as a result of the effect of altitude and/or season, we compared bacterial and yeast communities at two different isolation temperatures.

Materials and methods {#Sec2}
=====================

Description of the study sites {#Sec3}
------------------------------

The investigated four sampling sites represent widely distributed and forestally significant forest types in South Tyrol in the Italian Alps. The sites (M, K, R, S) are located across an altitudinal gradient from 545 to 2000 m above sea level (a.s.l.), representing a climosequence, including submontane, montane, subalpine, and alpine vegetation zones, respectively. All sites were SW-exposed and contained the same bedrock. A detailed description of each site has previously been reported (Siles and Margesin [@CR65]; Siles et al. [@CR66]). The characteristics of the studied sites are summarized in Table [1](#Tab1){ref-type="table"}. Soils from all four sites were acidic and carbonate-free. Altitude had a significant (*P* \< 0.001) effect on soil physicochemical properties; soil organic matter (SOM), total organic carbon (TOC) and other nutrients increased significantly with altitude. Nutrient contents in autumn were increased compared to spring. In both seasons, contents of SOM and soil nutrients (TOC, N, P, K, Mg) were lowest at the submontane site M and highest at the alpine site S (Table [2](#Tab2){ref-type="table"}), which resulted in a significant increase in microbial activities at higher altitudes, contrary to the assumption that colder climate are limiting (Siles et al. [@CR66]).Table 1Characteristics of the investigated forest sites (Siles and Margesin [@CR65]; Siles et al. [@CR66])CharacteristicsMKRSLocationKleiner Priol (Montiggl)Klobenstein (Ritten)Kleebach (Ritten)Schwarzsee-spitze (Ritten)CoordinatesN46°25′36.8″\
E11°17′48.6″N46°32′38.1″\
E11°28′16.1″N46°35′16.2″\
E11°26′4.9″N46°35′21.4″\
E11°27′2.4″Altitude (m a.s.l.)545--5701175--12001724--17371965--2000ExpositionSWSWSWSWMean annual precipitation (mm)90095010001050Mean annual air temperature (°C)11.07.44.02.4Mean annual soil temperature (°C)^b^9.8 b^b^9.3 b4.3 a3.9 aMinimum annual soil temperature (°C)^b^6.5 b5.5 b1.9 a1.1 aMaximum anual soil temperature (°C)^a^13.5 b12.7 b6.1 a6.2 aAltitudinal vegetation beltSubmontaneMontaneSubalpineAlpineVegetationMixed deciduous forestMixed deciduous forestConiferous forestTree lineDominant plant species*Quercus pubescens*, *Quercus robur*, *Fraxinus ornus*, *Pinus sylvestris*, *Ostrya carpinifoliaFagus sylvatica*, *Pinus sylvestris*, *Picea abies*, *Larix deciduaPicea abies*, *Pinus cembra*, *Larix decidua*, *Vaccinium myrtillusPinus mugo*, *Pinus cembra*,*Picea abies*, *Rhododendron ferrugineum*BedrockRhyolite (quartz-porphyry)Rhyolite (quartz-porphyry)Rhyolite (quartz-porphyry)Rhyolite (quartz-porphyry)Soil typeDystric cambisolDystric cambisolHaplic podsolHaplic podsol*a.s.l.* above sea level^a^Different letters in a row denote significant differences (*P* \< 0.05) between sites Table 2Soil physicochemical properties at the investigated sites in spring and autumn (Siles et al. [@CR66])PropertiesSite MSite KSite RSite SSpring pH (CaCl~2~)4.5^b^4.1^b^3.4^a^4.3^b^ Humus (%)17^a^22^ab^40^b^48^b^ TOC (%)10^a^23^ab^25^b^31^b^ Total N (%)0.5^a^0.8^ab^1.1^bc^1.2^c^ Ratio C/N20^a^29^c^23^ab^25^bc^ P (mg kg^−1^ dry mass)22^a^39^ab^44^ab^57^b^ K (mg kg^−1^ dry mass)120^a^370^b^347^ab^416^b^ Mg (mg kg^−1^ dry mass)201^a^282^b^208^ab^380^b^ Electrolytes (mg KCl kg^−1^ dry mass)51^a^184^ab^364^bc^448^c^Autumn pH (CaCl~2~)4.6^c^4.1^b^3.4^a^4.1^b^ Humus (%)44^a^57^b^53^b^61^b^ TOC (%)14^a^32^b^40^b^42^b^ Total N (%)0.6^a^0.9^a^1.4^b^1.4^b^ Ratio C/N20^a^29^c^23^ab^25^b^ P (mg kg^−1^ dry mass)27^a^41^ab^59^b^62^b^ K (mg kg^−1^ dry mass)117^a^318^ab^440^b^528^b^ Mg (mg kg^−1^ dry mass)237^a^331^ab^268^ab^424^b^ Electrolytes (mg KCl kg^−1^ dry mass)268^a^409^ab^610^b^657^b^Different letters in a row denote significant differences (*P* \< 0.05) between sites

Continuous monitoring of soil temperature at the studied sites over 1 year showed significantly lower mean annual soil temperatures at the subalpine and alpine sites (R and S; 4.3 and 3.9 °C) than at the submontane and montane sites (M and K; 9.8 and 9.3 °C); comparable trends were observed for minimum and maximum soil temperatures (Table [2](#Tab2){ref-type="table"}). Sites R and S at the higher altitudes were exposed to soil temperatures of or below 0 °C between December and April (i.e. 5 months per year), while the sites at the lower altitudes (M, K) reached subzero temperatures only between December and February or not at all. Maximum soil temperatures were highest in summer and reached ca. 16--20 °C at lower and ca. 12--13 °C at higher altitudes (Siles et al. [@CR66]). The role of microclimate in soil biological processes is rarely considered although it is known to cause temporal variation in microbial structure and activity (Jing et al. [@CR30]).

Soil sampling and sample preparation {#Sec4}
------------------------------------

Eight sampling spots distributed uniformly over each site (100 × 100 m) were chosen to cover within-site variability (Siles et al. [@CR66]). Soil samples (ca. 5 kg) were collected from each of these sampling spots from the topsoil (top 10 cm), the number of sampled cores (2--5) depended on the thickness of the topsoil at each site. To determine the effect of season and to take into account the different vegetation periods at the investigated sites, soil samples were collected both in late spring (sites M and K: 24 April 2014; sites R and S: 3 June 2014) and autumn (sites M and K: 15 November 2014; sites R and S: 15 October 2014). Immediately after sampling, soil samples were transported in cooled boxes to the laboratory, sieved (\<2 mm) and immediately analysed for culturable microorganisms. Each soil sample was analysed with three replicates.

Isolation and enumeration of culturable heterotrophic aerobic soil bacteria {#Sec5}
---------------------------------------------------------------------------

For each of the eight soil samples collected per site, 10 g of soil were suspended in 90 mL sodium pyrophosphate solution (0.1 % w/v) and appropriate dilutions were surface spread, in triplicate, onto R2A (Difco) agar plates supplemented with cycloheximide (400 μg mL^−1^) to exclude fungal growth. The plates were wrapped in plastic bags to prevent evaporation and incubated for 28 days at 0 °C (strains isolated at sites M, K, R, S in spring/autumn were designated M0/AM0, K0/AK0, R0/AR0, S0/AS0) and for 7 days at 20 °C (strains isolated in spring and autumn were designated M20/AM20, K20/AK20, R20/AR20, S20/AS20). After incubation, visible colonies were counted and colony forming units (cfu) were calculated on a soil dry mass (dm) basis. For statistical analyses, the mean values of the three replicate plates per soil sample were used. Selected colonies (about 100 per site, season and isolation temperature) were subcultured in the same medium for purification. Purified isolates were stored at −80 °C in R2A broth supplemented with 15 % (w/v) glycerol and preserved at the Institute of Microbiology, University of Innsbruck, Austria.

Isolation and enumeration of culturable soil yeasts {#Sec6}
---------------------------------------------------

For each of the eight soil samples collected per site, 10 g of soil were suspended in 90 mL sodium pyrophosphate solution (0.1 % w/v) and appropriate dilutions were surface spread, in triplicate, onto Rose Bengal agar (RB, Difco) and YMA (Difco) agar plates (Nagahama et al. [@CR53], [@CR54]; Turchetti et al. [@CR73], [@CR74]), both supplemented with tetracycline (35 μg mL^−1^) to exclude bacterial growth. The plates were incubated for 12 weeks at 4 °C and 3 weeks at 20 °C. Likewise to bacteria, visible colonies grown after incubation were counted and cfu were calculated on a soil dm basis. For statistical analyses, the mean values of the three replicate plates per soil sample were used. Yeast colonies were selected for isolation on the basis of their morphology, taking care to isolate all types occurring at the different incubation temperatures, and frequency. All yeast isolates (about 50 per site, season and isolation temperature) were stored at −80 °C into cryovials containing Protect Microorganism Preservation Beads (Technical Service Consultants Ltd, Lancashire, UK) and preserved in the Industrial Yeasts Collection DBVPG (<http://www.dbvpg.unipg.it>).

Phylogenetic analysis of culturable bacteria {#Sec7}
--------------------------------------------

Random amplified polymorphic DNA (RAPD) analysis was used as primary fingerprinting method to recognize genomic diversity among the isolates following procedures described before (França et al. [@CR20]). Representative strains of each unique RAPD profile were selected. DNA of representatives of each RAPD group were extracted following the methodology described by Marmur ([@CR49]). The 16S rRNA gene was amplified with universal primers 27F and 1525R (Rainey et al. [@CR58]). Amplicons were purified and partially sequenced by Beckman Coulter Genomics (Beckman Coulter Ltd, High Wycombe, UK**)**. Raw 16S rRNA gene sequences were manually inspected using the Sequence Scanner Software V1.0 (Life Technologies Corporation, Carlsbad, CA, USA). SINA stand-alone version 1.2.11 (Pruesse et al. [@CR57]) was used for the automatic alignment of all partial 16S rRNA gene sequences using the Living Tree Project (LTP) release 119 (Yarza et al. [@CR82]) as reference. Aligned sequences were manually improved following the reference alignment in ARBeditor implemented in the ARB software package (Ludwig et al. [@CR37]). Start and end columns of the alignments were trimmed in order to obtain sequences with the same length and information (=750 nt). Representatives of each unique 16S rRNA ribotype were identified using a home-made python script, full sequenced and finally assembled. Operational Taxonomic Units (OTUs) were created based on a near full sequence similarity of 98.7 % using the script pick_otus.py implemented in the QIIME software package (Caporaso et al. [@CR11]) applying the UCLUST clustering method (Edgar [@CR16]). Traditionally, 97 % 16S rRNA gene sequence similarity has been generally accepted as the threshold for the delimitation at the species level (Stackebrandt and Goebel [@CR69]). However, given constants developments in taxonomic studies, the species threshold was suggested to be raised to 98.7--99.0 % (Stackebrandt and Ebers [@CR68]). We opted to use the level of 98.7 % to define taxa even though this cut-off threshold may, in some taxa, underestimate the number of species due to the low phylogenetic resolution of the 16S rRNA gene (Rosselló-Móra [@CR61]). Aligned near full length sequences of representatives for each OTU were inserted into the LTPs119 tree using the ARB-parsimony tool implemented in the ARB software and closely related reference sequences were selected. A de novo phylogenetic reconstruction of isolates sequences with the reference sequences was calculated using the RAxML algorithm with the GTRGAMMA model (Stamatakis [@CR70]), with a 40 % maximum frequency filter to remove noise and preserve positional orthology. OTUs with identity values \>98.7 % and with type strain reference sequences were considered to belong to the same species. For identity values \>94.5 % with the closest relative type strain 16S rRNA gene sequence, OTUs were considered to be of the same genus (Yarza et al. [@CR83]).

Identification and phylogenetic analysis of culturable yeasts {#Sec8}
-------------------------------------------------------------

Total genomic DNA was extracted according to the study by Turchetti et al. ([@CR73]) with some modifications. After checking the sufficient amount of DNA, the synthetic oligonucleotides (GTG)5 and M13 (Sigma-Aldrich) were used as single primers for MSP-PCR fingerprinting (Libkind et al. [@CR33]). DNA was amplified using a T personal Combi Thermal Cycler (Biometra^®^ GmbH). Amplification products were separated by electrophoresis (Sampaio et al. [@CR63]; Gadanho and Sampaio [@CR22]); strains exhibiting identical DNA banding patterns were grouped and considered to belong to the same species.

Isolates were subjected to sequencing of the D1/D2 domain of 26S rRNA gene. DNA was first amplified using the primers RLR3R (5′-GGTCCGTGTTTCAAGAC-3′) and V9 (5′-TGCGTTGATTACGTCCCTGC-3′; Sigma-Aldrich). A 600--650-bp region was sequenced by the forward primer NL1 (5′-GCATATCAATAAGCGGAGGAAAAG-3′) and the reverse primer NL4 (5′-GGTCCGTGTTTCAAGACGG-3′; Sigma-Aldrich). Sequencing of Internal Transcribed Spacers (ITS1&2) including the 5.8S rRNA gene region was performed for all those strains exhibiting ambiguous results of D1/D2 sequences. A 600--650-bp region was sequenced by the forward primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and the reverse primer ITS 4 (5′-TCCTCCGCTTATTGATATGC-3′; Sigma-Aldrich). All sequences were determined by a commercial sequencing facility (Macrogen). Alignments were made using Vector NTI Suite 8 Contig Express (Informax, Invitrogen). In both cases, strains were identified by comparing the sequences obtained with the GenBank database (BLASTN freeware from <http://www.ncbi.nlm.nih.gov/BLAST>). Phylogenetic analysis was performed using molecular evolutionary genetics analysis (MEGA) software 6 version 4.1 (Tamura et al. [@CR72]) using neighbor-joining analysis. Bootstrap analysis (1000 replicates) was performed using a full heuristic search.

Statistical analysis {#Sec9}
--------------------

The mean values of replicate determinations of cfu and soil physicochemical parameters were used for statistical calculations (Statistica, version 9.0). Normal distribution was tested with the Kolmogorov--Smirnov test. ANOVA was applied to determine whether the sampling season and/or the sampling site (altitude) had a significant (*P* \< 0.05) effect on soil bacterial and yeast numbers and soil properties. Correlation analyses between bacterial and yeast numbers, biodiversity indices and soil physicochemical parameters were performed with the Pearson product--moment correlation test.

The PAST software v1.82 b (Hammer et al. [@CR29]) was used to compute the statistical diversity indexes in the datasets. Shannon--Wiener, Dominance-D and Pielou's evenness indexes were computed with a bootstrap percentile type procedure (9999 iterations). A 95 % confidence interval was calculated and mean values were shown. Pielou's evenness index, species richness, species frequency, frequency of rare species and number of singletons were calculated for yeasts (Yurkov et al. [@CR88]). Individual rarefaction curves were calculated using a log Gamma function for computing combinatorial terms. Calculations were made for Good's coverage: *C* = 1 − (ni*/*nt), where ni is the number of bacterial OTUs or yeast species observed exactly once and nt is the total number of OTUs or species, as reported by Li et al. ([@CR32]).

Principal component analysis (PCA) of the data was performed using CANOCO version 4.5 (Microcomputer 4.5 Power). In order to reduce the input data size and to draw the major changes between sites, we decided to group the isolates in bacterial OTUs and yeast species with the less stringent sequence identity cut-off value of 97 %. Scaling was focused on inter-sample distances and bacterial OTU and yeast species scores divided by standard deviation. Both bacterial OTUs and yeast species (%) data were not transformed and results were centred by species. To avoid the overcrowding of the graphs, only species having a contribution to the analysis higher than 25 % were represented. PCA graphs were constructed (1) to infer differences in strain collections recovered at the two isolation temperatures, and (2) to detect correlations between altitude and season on the total culturable bacterial and yeast diversity per site.

Accession numbers {#Sec10}
-----------------

The 16S rRNA gene sequences of representatives of each bacterial OTU were deposited in GenBank under the accession numbers KP899142 to KP899253. Likewise, the 26S rRNA gene and ITS1&2 sequences of representatives of each yeast species were deposited in GenBank under the accession numbers KU745308 to KU745323, KU745325 to KU745327, KU745329 to KU745330, KU745332 to KU745381.

Results {#Sec11}
=======

Bacterial numbers {#Sec12}
-----------------

For culturable bacteria isolated at 0 and 20 °C we use the terms psychrophilic and mesophilic, respectively. The term "psychrophilic" is used as a general term to describe a microorganism that grows well in a cold environment. The use of growth rates to define the optimum growth temperature as described by Morita ([@CR52]) has been shown to be ambiguous and inappropriate (Feller and Gerday [@CR17]; Cavicchioli [@CR12]; Margesin [@CR43]), since the apparent "optimal" temperature for growth gives no indication about the microbial ability to thrive well at low temperatures. Abundance (numbers) of culturable soil bacteria at the four sites, isolated at 20 °C, was (1.7--5.5) × 10^7^ and (1.2--1.9) × 10^7^ cfu g^−1^ soil dm in spring and in autumn, respectively. Numbers of bacteria at 0 °C were generally (at each of the sites, except at the alpine site S in autumn) significantly (*P* \< 0.05--0.001) lower than those recovered at 20 °C and consisted of (1.4--5.5) × 10^6^ and (0.6--14) × 10^6^ cfu g^−1^ soil dm in spring and in autumn, respectively (Fig. [1](#Fig1){ref-type="fig"}a). The major differences were observed in autumn for the sites at the lowest (submontane site M) and at the highest (alpine site S) altitude. At the submontane site M the differences between bacterial counts at 0 and 20 °C were significantly higher in autumn than in spring (due to a decrease of numbers at 0 °C), while the opposite was observed for the alpine site S (due to an increase of number at 0 °C). Altitude influenced generally soil bacterial numbers in both seasons significantly (*P* \< 0.05), however, this effect was much more pronounced in autumn than in spring. Abundance of psychrophiles was not significantly different at any of the four sites in spring, while a significant increase of psychrophiles with altitude (from 5.8 × 10^5^ cfu g^−1^ soil dm at the submontane site M to 1.4 × 10^7^ cfu g^−1^ dm soil at the alpine site S) could be recognized for autumn.Fig. 1Numbers of colony forming units (cfu) of culturable heterotrophic bacteria at 0 and 20 °C (**a**) and of culturable yeasts at 4 and 20 °C (**b**) at the at the investigated sites in spring and autumn. Values are the mean of three independent replicates

This was reflected by the ratios between the mesophilic and psychrophilic fraction of the culturable bacterial community which were significantly influenced by altitude in autumn but not in spring. In autumn, a constant increase in the cfu ratio 0 °C/20 °C (0.05, 0.10, 0.26, and 0.72 at sites M, K, R, S, respectively) and accordingly a constant decrease in the cfu ratio 20 °C/0 °C occurred with altitude (21, 9.8, 3.9 and 1.4 at sites M, K, R, S, respectively). In addition, the relative fraction of mesophiles was significantly (*P* \< 0.001) higher at the site at the lowest altitude (submontane site M) compared to the other three sites, while the relative fraction of psychrophiles was significantly (*P* \< 0.001) higher at the site at the highest altitude (alpine site S) than at the other sites.

Yeasts numbers {#Sec13}
--------------

Although yeasts cannot be effectively split between psychrophiles and mesophiles because most of known species isolated from soil grow over a wide range of temperatures, the terms psychrophilic and mesophilic have often been used to categorize yeasts isolated at 4 and 20 °C, respectively (Turchetti et al. [@CR73], [@CR74]). In contrast to bacterial counts, no clear trends were observed in dependence of the temperature of isolation, season and/or altitude. Overall, yeast abundance (numbers) at 4 °C did not significantly (*P* \< 0.05) differ from those observed at 20 °C, except at the submontane site M in autumn. Psychrophilic yeast numbers were (1.4--7.7) × 10^5^ cfu g^−1^ soil dm in spring and ranged from 2.4 × 10^5^ to 5.3 × 10^6^ in autumn; mesophilic yeast numbers were from (1.5--5.5) × 10^5^ in spring and ranged from 2.3 × 10^5^ to 2.9 × 10^6^ in autumn (Fig. [1](#Fig1){ref-type="fig"}b). Significant (*P* \< 0.05) seasonal differences with higher yeast numbers in autumn than in spring were only found at the montane site K (Fig. [1](#Fig1){ref-type="fig"}b).

Like for bacteria, the ratios between the mesophilic and psychrophilic fraction of the culturable yeast community were influenced by altitude in autumn, but not in spring. In autumn, a constant decrease in the cfu ratio 4 °C/20 °C (4.1, 1.9, 0.6, and 1.0 at the submontane, montane, subalpine and alpine sites M, K, R, S, respectively) and accordingly a constant increase in the cfu ratio 20 °C/4 °C occurred with altitude up to site R. In comparison, bacteria showed an opposite pattern with a constant increase in psychrophiles over the whole altitudinal gradient.

Effect of isolation temperature on the culturable bacterial diversity {#Sec14}
---------------------------------------------------------------------

A total number of 1194 bacterial strains was isolated in spring (609 strain) and autumn (585 strains) from soils of the four different sites. Colonies recovered from initial isolations incubated at 0 and 20 °C were screened using RAPD technique to reduce clonal redundancies among the strains isolated at the two temperatures. The 16S rRNA genes of representatives of all generated clusters were partially sequenced and unique ribotypes were near full sequenced. OTUs were created using a 16S rRNA gene sequence similarity of 98.7 %.

Good's coverage values for samples isolated at 0 °C (87--99 %) indicated a sufficient sampling effort to cover the diversity of the culturable bacteria under the conditions examined (Table [3](#Tab3){ref-type="table"}). Lower coverage values (66--83 %) were obtained for isolations performed at 20 °C. Rarefaction calculations also showed that an increase of the surveying effort would be necessary to cover the full extent of the culturable diversity at 20 °C by the plotted curves failing a saturation phase (Fig. S1). The lowest dominance-D (DD), highest Shannon--Wiener (SW), highest evenness (EN) indexes and highest numbers of singletons (SI) were obtained for isolations performed at 20 °C (DD 0.04--0.09; SW 2.8--3.3; EN 0.53--0.78; SI 1--11) as a reflection of a higher culturable bacterial diversity at this temperature (Table [3](#Tab3){ref-type="table"}). For isolations at 0 °C, the values were (DD) 0.13--0.23, (SW) 1.8--2.5, (EN) 0.53--0.78 and (SI) 1--11 demonstrating that fewer taxa dominated the culturable bacterial community at the low temperature.Table 3Diversity indexes obtained for bacterial diversity at 0 and 20 °C and for yeast diversity at 4 and 20 °C at the four sites in spring and autumnIsolation temperatureBacteria0 °C20 °CSeasonSpringAutumnSpringSiteM submontaneK montaneR subalpineS alpineM submontaneK montaneR subalpineS alpineM submontaneK montaneR subalpineS alpineM submontaneStrain designationM0K0R0S0AM0AK0AR0AS0M20K20R20S20AM20Number of OTUs212110149101093432263534Number of isolates821016994637986837560616762Dominance-D index0.130.150.210.180.230.180.220.160.050.040.060.060.05Shannon-Wiener index2.52.41.82.11.71.91.81.93.23.33.03.23.3Good's Coverage (%)86.693.194.296.896.897.598.898.877.3708265.767.7Evenness index0.560.530.610.560.610.660.600.780.750.840.780.730.78Singletons (N)1174322111718112320Isolation temperatureYeasts4 °C20 °CSeasonSpringAutumnSpringSiteM submontaneK montaneR subalpineS alpineM submontaneK montaneR subalpineS alpineM submontaneK montaneR subalpineS alpineM submontaneStrain designationM4K4R4S4AM4AK4AR4AS4M20K20R20S20AM20Species richness (N)1487968111275684Number of isolates99104506940624756363318436Dominance-D index0.270.400.450.410.560.400.260.300.250.270.220.360.33Shannon--Wiener index1.71.21.11.30.91.21.71.61.61.41.61.31.2Good's Coverage (%)85.992.386.086.985.087.176.678.680.684.866.781.433.3Evenness index0.640.580.570.590.50.580.740.670.820.870.890.620.86Frequent species (%, \>10 %)142528223325201843606625100Rare species (%, \<1 %)01200000000000Singletons (N)7134444720253

Based on the phylogenetic inference, we recovered 112 OTUs belonging to the phyla *Proteobacteria (*classes *Alpha*-, *Beta*- and *Gammaproteobacteria)*, *Bacteroidetes* (*Spingobacteriia*, *Cytophagia* and *Flavobacteriia*), *Actinobacteria* (*Actinobacteria*) and *Firmicutes* (*Bacilli*) (Fig. S2). All phyla were present at a comparable relative incidence among strains recovered at 0 °C (psychrophiles) and 20 °C (mesophiles). *Gammaproteobacteria* and *Betaproteobacteria* dominated both psychrophiles and mesophiles. While *Gammaproteobacteria* were more present among psychrophiles (47--91 % of the relative fraction), *Betaproteobacteria* were found to a higher extent among mesophiles (23--58 %) (Fig. S3).

All bacterial OTUs affiliated with known genera considering the 16S rRNA minimal similarity threshold of 94.5 %, but 57 of 112 OTUs could constitute potential novel species using the stringent similarity value of 98.7 % (Table S1). Using a less conservative threshold, 33 of these OTUs shared 16S rRNA gene identities ≤98.0 % with their closest relative type strains. The majority (41 of 57 OTUs) of the potential novel species were present among mesophiles.

Taxonomic assignment indicated that representatives of the OTUs were affiliated with 41 different genera. In general, *Pseudomonas* was the most represented genus and accounted for 504 strains, representing 42 % of the total number of isolates (Fig. [2](#Fig2){ref-type="fig"}a; Table S1). Nine OTUs could be affiliated within *Pseudomonas* (OTU 51--59). OTU 53, with 182 strains, was the most present group and was related to *P. lini* (99.4 % identity). OTU 53 was present in all of the sites (except at 0 °C at submontane site M in autumn; AM0) and was especially found among psychrophiles (11--33 %). Remaining phylogenetically close relatives were *P. constantinii*, *P. psychrophila*, *P. japonica*, *P. lutea*, and *P. jessenii* but 4 of the 9 OTUs showed only a similarity value of \<98.7 % with valid type strains present in the LTP database. The genus *Collimonas* was the second most represented genus and accounted for 166 strains, representing 13 % of the total number of isolates. This genus harboured 3 OTUs, one of which was a putative novel species (OTU 32, one strain, 97.5 % identity with *C. pratensis*). OTUs 30 and 31 were related to *C. fungi*-*vorans* and *C. pratensis* (\>99.8 % identity).Fig. 2Relative proportions of the different bacterial genera isolated at 0 and 20 °C (**a**) and of the different yeast genera isolated at 4 and 20 °C (**b**) in spring and autumn. Only genera with more than three strains are shown. Dominant taxa present in all data subsets (at each site, in each season and at each isolation temperature) are boxed

There was phylogenetic overlap in some major populations isolated from most of all sites in both seasons; some taxa were mainly isolated at 0 °C \[e.g. *Flavobacterium* (OTU 82)\], some mainly at 20 °C \[e.g. *Burkholderia* (OTUs 17 and 25) and *Luteibacter* (OTU 44)\] and some taxa were isolated at both temperatures \[e.g. *Collimonas* (OTU 31), *Pseudomonas* (OTUs 53, 54 58)\]. The strains recovered at 0 and 20 °C drew different number of OTUs; 76 of 112 OTUs were exclusive of mesophiles, 7 OTUs were recovered only at 0 °C and 29 OTUs were detected at both temperatures. The most present OTUs were recovered at both isolation temperatures (e.g. OTUs 31, 52--54, 58, and 59). OTUs that represented potential novel species were always present in low numbers and restricted to one or two sites.

The relative proportions of the genera recovered at 0 and 20 °C showed a different composition of the culturable heterotrophic community at these two temperatures (Fig. [2](#Fig2){ref-type="fig"}a). At 0 °C, the dominant strains belonged mainly to *Pseudomonas* spp. (mainly OTUs 51, 53, 54 and 58) but also to *Collimonas* spp. (OTU 31) and to *Flavobacterium* spp. (mainly OTUs 82 and 84). As indicated above, the diversity of culturable bacteria at genus level for isolations at 20 °C was always higher than those performed at 0 °C, supporting information of alpha diversity indices. Culturable diversity at all four sites at 20 °C was distributed evenly by a more diverse number of genera but consisting mainly of *Mucilaginibacter* spp. (mainly OTUs 70, 71), *Pseudomonas* spp. (OTUs 53, 54), *Luteibacter* spp. (OTUs 43, 44), *Collimonas* spp. (OTUs 30, 31), *Burkholderia* spp. (mainly OTUs 17, 21 and 25) and *Rhizobium* spp. (OTU 1) (Fig. [2](#Fig2){ref-type="fig"}a; Table S1).

Most members of the classes *Bacilli* (genera *Paenibacillus*, *Psychrobacillus* and *Bacillus*) and *Actinobacteria* (genera *Marmoricola*, *Leifsonia*, *Plantibacter* among others) and all members of the *Alphaproteobacteria* (genera *Rhizobium*, *Phyllobacterium*, *Mesorhizobium* among others) were minor populations but exclusively recovered at 20 °C (Table S1).

For principal component analysis (PCA) we decided to reduce the 16S rRNA similarity threshold value for OTU definition to 97 % in order to decrease the dataset size and to detect the overall patterns of taxa variation across the sites. Strains isolated at 20 °C formed a coherent cluster in the lower left quadrant of the PCA plot, showing similarity in taxa composition and incidence across the datasets that were different from the datasets of psychrophiles (Fig. [3](#Fig3){ref-type="fig"}a). On the other hand, psychrophiles were separated mainly along PC2 axis, which, however, only explained 13.5 % of total variance. The cluster created by strains from the submontane site M and the montane site K collected in both seasons was distinct from the cluster created by strains from the subalpine site R and the alpine site S, which demonstrates differences in bacterial community composition at lower and higher altitudes. The separation of strains from submontane and montane sites (M and K) was influenced by the OTUs 20, 28, 31, 45, 57 and 69, while the distinction of strains from subalpine and alpine sites (R and S) was derived mainly from OTUs 16, 19, 32, 46 and 50.Fig. 3Principal component analysis as a function of the relative abundance (%) of bacterial OTU. **a** Strains per site isolated at 0 °C (*circle*) and 20 °C (*triangle*) in spring (*white filled*) and autumn (*black filled*). **b** Total diversity per site in spring (*white filled*) and autumn (*black filled*). *Numbers* refer to OTU IDs (Table S1)

Effect of isolation temperature on the culturable yeast diversity {#Sec15}
-----------------------------------------------------------------

Seven hundred and nineteen yeast strains were isolated in spring (452 strains) and autumn (267) from soils sampled at the four sites. Due to lower numbers of morphotypes found on agar plates in autumn than in spring, fewer yeast strains were recovered in autumn (when yeast numbers tended to be higher than in spring, however, without any statistical significance, Fig. [1](#Fig1){ref-type="fig"}b) Likewise to bacteria, yeast colonies recovered from initial isolations incubated at 4 and 20 °C were screened using MSP-PCR fingerprinting technique to reduce the possible clonal redundancy among the isolates. Strains were identified at the species level using D1/D2 of the 26S rRNA gene and internal transcribed spacers (ITS1&2) including the 5.8S rRNA gene sequences similarity as high as 98 %.

Good's coverage values were high for isolations at 4 °C at all four sites in spring (86--92 %), at 4 °C at the sites M, K, S (submontane, montane and alpine, respectively) in autumn (79--87 %), and for isolations at 20 °C at the same sites in spring (81--85 %) and at site K in autumn (83 %). Thus, in these cases the sampling effort was able to cover a high degree of diversity of the culturable yeasts under the examined conditions. In contrast, lower coverage values were obtained for isolations performed at the subalpine site R at 4 °C in autumn (77 %) and at 20 °C in spring (67 %), and for isolations at 20 °C at the sites M, R, S in autumn (33--60 %) (Table [3](#Tab3){ref-type="table"}). This suggested that an increase of the surveying effort would be necessary to cover a higher degree of the culturable yeast diversity at those sites. Rarefaction calculations showed that the culturable yeast diversity both at 4 and 20 °C apparently reached a saturation phase (Fig. S1). DD and SW indexes exhibited similar values for isolations performed at 4 °C (DD 0.27--0.45 and 0.27--0.56; SW 1.1--1.7 and 0.9--1.6; in spring and autumn, respectively) and 20 °C (DD 0.22--0.36 and 0.20--0.33; SW 1.3--1.6 and 1.2--1.8; in spring and autumn, respectively) (Table [3](#Tab3){ref-type="table"}).

The proportion of the different species in the yeast community, as evaluated by calculating EN, exhibited different distribution patterns in dependence of the isolation temperature: isolations at 4 °C at all four sites showed lower values (0.50--0.74) than those at 20 °C (0.82--0.89), with the sole exception of the alpine site S in spring (0.62) (Table [3](#Tab3){ref-type="table"}). This trend was confirmed by the percentage of the most frequent species (\>10 % of isolates), which was lower at 4 °C (14--33 %) than at 20 °C (37--100 %), Also in this case, isolations at 20 °C at site S in spring exhibited a contrasting value (25 %). These data demonstrated that the temperature of isolation significantly affected yeast species evenness: few yeast species dominated the culturable diversity at 4 °C (Table [3](#Tab3){ref-type="table"}). Overall, with the sole exception of isolations at 4 °C at the montane site K in spring, no rare species (\<1 % of isolates) were found. In contrast, a few singletons were generally found at all four sites (Table [3](#Tab3){ref-type="table"}). Based on the phylogenetic inference, we recovered 36 species belonging to the classes *Dothideomycetes* (order *Dothideales*), *Saccharomycetes (Saccharomycetales)* (Fig. S4), *Tremellomycetes* (*Filobasidiales*, *Holtermanniales*, *Tremellales*, *Trichosporonales* and *Cystofilobasidiales*), and *Mycrobotryomycetes* (*Sporidiobolales*, *Leucosporidiales*, *Kriegeriales*, and *Incertae sedis*) (Fig. S5). Taxonomic assignment of isolates indicated that the 36 species were affiliated to 29 different genera: 4 belonging to Ascomycota, 24 to Basidiomycota and one to yeast-like dimorphic fungi (*Aureobasidium*) (Fig. [2](#Fig2){ref-type="fig"}b).

Likewise to bacterial populations, a phylogenetic overlap was observed in some major yeast communities isolated from most of the sites in both seasons. Overall, basidiomycetous yeasts dominated both psychrophiles and mesophiles, while ascomycetes represented only a tiny fraction of yeast culturable diversity (1--8 %). The sole exception of this general trend were the species *Candida santamariae*, *Candida oregonensis* and *Schizoblastosporion skarkeyi*-*henricii*: strains belonging to the first two species were detected in percentages higher than 10 % at 20 °C at the montane site K in spring and at the subalpine site R in autumn (27 and 15 %, respectively), while 17 % of strains isolated at 20 °C at site R in spring belonged to *S. skarkeyi*-*henricii* (Fig. S6). The basidiomycetous species *Apiotrichum porosum* and *Solicoccozyma terricola* covered 15--55 and 25--75 % of the relative fraction, respectively, of the yeast diversity found at 4 °C and a consistent part (5--40 and 5--45 %, respectively) of that at 20 °C. On the contrary, *Saitozyma podzolica* was the most abundant species at 20 °C at the sites R and S (subalpine and alpine) in spring (28--49 %) and at the sites M and S (submontane and alpine) in autumn (50--30 %) (Fig. S6). Some species were exclusively found at 4 °C: among them *Bullera alba*, *Cystofilobasidium capitatum*, *Dioszegia hungarica*, *Itersonilia pannonica*, *Mrakia gelida*, *Rhodosporidiobolus colostri* and *Vishniacozyma victoriae*. On the contrary, the species *Babjeviella inositovora*, *Debaryomyces hansenii*, *Vanrija musci* and *Yamadamyces rosulatus* were isolated exclusively at 20 °C (Fig. S6).

A handful of yeast strains (less than 1 % of isolates) exhibited a homology below 98 % of D1/D2 and ITS1&2 sequences with those of the closest species. They could constitute four potentially novel basidiomycetous species (about 10 % of the total observed species) presumably belonging to the genera *Piskurozyma*, *Filobasidium*, *Krasilnikovozyma* and *Rhodototula* (Fig. S5).

PCA was performed at the species level in order to detect the overall patterns of yeast taxa variation across the sites. In contrast to bacteria, yeasts isolated at 4 and 20 °C did not form well defined clusters in the PCA plot (Fig. [4](#Fig4){ref-type="fig"}a).Fig. 4Principal component analysis as a function of the abundance of the yeast population at the species level. **a** Strains per site isolated at 4 °C (*circle*) and 20 °C (*triangle*) in spring (*white filled*) and autumn (*black filled*). **b** Total diversity per site in spring (*white filled*) and autumn (*black filled*). *Numbers* refer to species IDs (Table S2)

Effect of altitude and season on the culturable bacterial diversity {#Sec16}
-------------------------------------------------------------------

There was no significant (*P* \> 0.05) correlation between DD and SW indexes related to the altitudinal or seasonal effect. Moreover, it was not possible do discern a clear trend in the culturable bacterial diversity that could be related to altitude or season (Table [3](#Tab3){ref-type="table"}).

PCA performed on the total bacterial diversity (without differentiation between psychrophiles and mesophiles) recovered at each site (Fig. [3](#Fig3){ref-type="fig"}b) showed that the total sample variation was mainly explained by the first principal component (69.5 %), the second principal component only explained 13.5 % of the variation. The montane and subalpine sites K and R were highly separated along the PC1 axis while the submontane and alpine sites M and S were distributed along PC2. Data points corresponding to each site sampled in both seasons tended to create independent clusters indicating a stable biodiversity that could be site specific.

Effect of altitude and season on the culturable yeast diversity {#Sec17}
---------------------------------------------------------------

SW index, species richness, species frequency, frequency of rare species and number of singletons indicated apparently no significant (*P* \> 0.05) correlation for the whole yeast diversity in relation to the altitudinal or seasonal effect. On the other hand, DD index exhibited a decreasing trend with altitude in autumn (Table [3](#Tab3){ref-type="table"}). In addition, PCA performed at the species level demonstrated season-dependent differences in yeast community structure: yeasts isolated in spring showed a clear separation (left quadrant of the PCA plot) from those isolated in autumn (Fig. [4](#Fig4){ref-type="fig"}).

Correlations {#Sec18}
------------

Correlation analyses between microbial numbers and soil physicochemical properties revealed a significantly (*P* \< .0.05) positive impact of soil nutrients (TOC, total N, P, K, Mg, electrolytes) on numbers of psychrophilic bacteria, but not on numbers of mesophilic bacteria. The bacterial cfu ratio 20 °C/0 °C correlated significantly with soil pH and soil nutrients (TOC, total N, P, K). A completely different pattern was observed with yeasts. No significant correlations of soil nutrients or soil pH with numbers of psychrophiles, mesophiles or ratios were found. However, there was a significantly negative correlation between the ratios of mesophilic and psychrophilic bacterial and yeast populations.

A similar result was obtained with correlation analyses between soil physicochemical properties and biodiversity indices. DD index of psychrophilic and mesophilic bacteria correlated significantly positively with soil humus and TOC contents and with electrolytes, A significant positive correlation was also found with bacterial SW index and contents of humus (psychrophilic bacteria) or TOC and electrolytes (mesophilic bacteria). In contrast, no significant correlations were detectable between yeasts diversity indices and soil nutrients. Soil pH correlated neither significantly with bacterial nor with yeast diversity indices.

Discussion {#Sec19}
==========

Forests are expected to face significant pressures in the future to overcome the deleterious effects of global warming due to climate change. However, knowledge on the effect of changed climate conditions on soil microbiota in Alpine forest ecosystems is still insufficient. Therefore, we surveyed soil culturable bacterial and yeast communities in spring and autumn along an altitude gradient that covered submontane, montane, subalpine and alpine vegetation belts.

It has become canonical that culturable microbial diversity does not appear to represent microorganisms detected with molecular surveys. However, it is worth of note that studies on bacteria using both culture-dependent and culture-independent methods have shown that these datasets had very few taxa in common, which indicates that an important fraction of microbial diversity would have been disregarded if only the culture-independent dataset had been analyzed (Donachie et al. [@CR15]). However, there is hardly any study comparing culture-dependent and culture-independent surveys of yeasts. Also, cultivation-based methods might be more sensitive to retrieve changes of the physiologic and metabolic state of the community due to environmental fluctuations since the culturable fraction of the community might react more rapidly to changes in biotic and abiotic factors than genomic surveys that mainly target DNA fragments derived from viable and non-viable organisms (Smit et al. [@CR67]).

The data obtained in our study demonstrate lower abundance of psychrophilic bacteria compared to mesophilic ones, independent of the altitude. The alpine site S, however, had comparable (not significantly different) numbers of psychrophiles and mesophiles in autumn. In this season, the relative fraction of psychrophiles among the culturable bacterial community increased with altitude, while those of mesophiles remained almost stable. This corroborates results from our previous studies on microbial communities along an altitude gradient in the Austrian Central Alps (Margesin et al. [@CR46]). In the present study, a significant increase in the relative amount of psychrophilic bacteria with altitude was not detectable in spring, which indicates that cold-adaptation might be more pronounced in autumn than in spring, possibly as a result of the lower soil temperatures in autumn than in spring. In contrast to bacteria, no clear trends in dependence of the temperature of isolation, season and/or altitude were detected for viable yeast cell numbers, with the sole exception at submontane and montane sites in autumn where a few significant differences were found. Significant differences between bacteria and yeasts were also found for correlations with cfu and soil physicochemical parameters. Soil nutrients had a significantly positive effect on the abundance of bacterial psychrophiles (however, not on mesophiles), which corroborates results obtained with non-culture-based techniques from our previous studies (Siles and Margesin [@CR65]; Siles et al. [@CR66]). The data of the present study demonstrate that the impact of nutrients might be much more pronounced on psychrophilic than on mesophilic bacteria, which has not yet been described before. In contrast, no correlation was detectable between soil properties and yeast abundance. The different distribution patterns of bacteria and yeasts might be explained by the influence of factors not tested in this study on the heterotrophic metabolism of both mesophilic and psychrophilic yeasts, such as the effective availability of nutrients and growth factors in soil, which could be affected by seasonal changes of temperature and precipitation. Our previous study on the influence of abiotic variables on culturable yeast diversity in two distinct Alpine ecosystems demonstrated correlations between yeast abundance and some abiotic factors (i.e. pH and organic nutrients); the abundance of culturable yeasts increased from oligotrophic to eutrophic conditions and was particularly correlated with the content of organic phosphorus (Turchetti et al. [@CR74]). Besides, the significantly negative correlation between the ratios of mesophilic and psychrophilic bacterial and yeast populations could be justified by postulating a competition for organic nutrients between bacteria and yeasts. Trophic competition for nutrients such as carbon, nitrogen or iron between bacteria and fungi (including yeasts) in natural environments has been recently reviewed (Frey-Klett et al. [@CR21]).

The phylogenetic analysis of 1194 isolated bacterial strains rendered a total of 112 different OTUs; temperature was a significant predictor of bacterial community composition across seasons and altitude. Major differences in biodiversity of psychrophilic and mesophilic strains were recognized. The bacterial community isolated at 0 °C was dominated at all sites, i.e. independent of altitude, and in both seasons by a few selected taxa, which points to a low diversity among psychrophiles. The diversity of bacteria isolated at 20 °C at the genus level was always, regardless of altitude or season, higher than that of psychrophiles. More than 50 % of the 112 OTUs could be regarded as potential novel bacterial species according to their phylogenetic affiliation and sequence similarity with the closest related type strain. This remarkably high amount of yet undescribed bacterial taxa points to a large reservoir of unexplored members of microbial communities at the studied forest sites. Further polyphasic characterization is needed to verify the phylogenetic assignment described in this study.

The phylogenetic analysis of 719 yeast isolates rendered a total of 36 different species, of which a few species were numerically abundant. Yeast community structures at the four sites investigated in this study revealed a lower species richness, than those reported by other studies on yeast communities in soils of beech forests, Mediterranean forests, woodlands and scrub biomes (Yurkov et al. [@CR86]; Yurkov et al. [@CR88]). This was also confirmed by the diversity indexes, which indicated that the temperature of isolation affected yeast culturable evenness significantly, since only a few yeast species dominated the culturable diversity at low temperature (Table [3](#Tab3){ref-type="table"}).

There was phylogenetic overlap in some major bacterial and yeast populations isolated from most of all sites in both seasons. Taxa found at both isolation temperatures could be members of a stable microbial population across altitude and season. However, overlapping taxa could be due to the recognized limitations of culture-dependent methods, which could lead to the selection of the same taxa that were able to growth on agar plates at both isolation temperatures. Further studies on carbon source utilization patterns of phylogenetically close strains isolated from the studied sites should reveal the phenotypes adapted to site specific conditions. This could give further insights into the diversity and activity of both prokaryotic and eukaryotic culturable microbiota.

The most frequent bacterial genus was *Pseudomonas*, which has been recursively isolated and reported to be a major culturable genus in soil, including Alpine forest soils (Männistö and Häggblom [@CR41]). In our study, most pseudomonads were psychrophilic (isolated at 0 °C) and were clustered into 10 OTUs (the exception was OTU 56 closely related to *P. japonica*, *n* = 1). This could indicate a high phylogenetic and metabolic diversity among *Pseudomonas* strains as an adaptive response to the myriad of niches with pockets-specific carbon substrates and conditions found in Alpine environments (Meyer et al. [@CR51]). In our study, the most present species among *Pseudomonas* was *P. lini.* Representatives of this species were found in rhizospheric soil (Delorme et al. [@CR13]) and in Antarctica (Arenas et al. [@CR2]). Other frequent genera included *Collimonas*, *Burkholderia*, *Flavobacterium*, *Mucilaginibacter*, *Luteibacter* and *Pedobacter.* These cosmopolitan populations are often found in cultivation studies from soil environments. The genera dominating the psychrophilic population (*Pseudomonas*, *Collimonas* and *Flavobacterium*) are known to prevail in cold soils (Männistö and Häggblom [@CR41]; Zumsteg et al. [@CR89]). A very low proportion of Gram-positive bacteria (3.5 %) was generally recovered. Previous studies indicated that plant roots have a selective effect towards *Proteobacteria*, mainly *Gammaproteobacteria*, to the detriment of Gram-positive bacteria and those of the Acidobacterium division (Marilley and Aragno [@CR48]). Low abundance and incidence of Gram-positive bacteria in soils at high altitudes were observed both in culture-dependent and culture-independent studies (Margesin et al. [@CR46]). Gram-negative bacteria seem to be more competitive at the conditions prevailing at high altitudes due to their ability to be more tolerant to freeze--thaw cycles (Aislabie et al. [@CR1]).

Among yeasts, *S. terricola*, *A. porosum* and *S. podzolica* represented the dominant species. These species were previously assigned to the genera *Trichosporon* (*T. porosum*) and *Cryptococcus* (*C. terricola* and *C. podzolicus*), which were reported to be dominant culturable genera in mountain and Alpine habitats (Turchetti et al. [@CR73], [@CR74], [@CR75]; Buzzini et al. [@CR10]; Buzzini and Margesin [@CR9]). In particular, the species belonging to the former genus *Cryptococcus* have been observed in most soils (Botha [@CR5]; Vishniac [@CR78]). They were also found to inhabit densely vegetated soils, including forest, podzolic and sod-podzolic soils, in regions with tropical, temperate and cold climates (Vishniac [@CR78]; Fonseca et al. [@CR19]; Sugita [@CR71]). Likewise, all yeast species found in this study, were also currently found as a part of yeast diversity in soil ecosystems (Golubev [@CR26]; Maksimova and Cherov [@CR40]; Wuczkowski and Prillinger [@CR80]; Botha [@CR5]; Golubtsova et al. [@CR28]; Lynch and Thorn [@CR38]; Vishniac [@CR78]; Golubev and Scorzetti [@CR27]; Mestre et al. [@CR50]; Yurkov et al. [@CR86], [@CR87], [@CR88]; Buzzini et al. [@CR10]). As previously reported, soil yeasts can contribute to essential soil ecological processes, i.e. the mineralization of organic material and assimilation of carbon to produce biomass and energy. Some soil yeasts may also play a role in soil nitrogen and sulphur cycles and have the ability to solubilize insoluble phosphates making them more readily available for plants (Botha [@CR5], [@CR6]).

Before its taxonomic update, *Cryptococcus* was a highly polyphyletic genus including species belonging to more than one order of *Tremellomycetes* (Fonseca et al. [@CR19]). Accordingly, as the consequence of the update of *Tremellomycetes* taxonomy based on the results of phylogenetic analyses from a seven-genes dataset covering the majority of tremellomycetous yeasts (including closely related filamentous taxa), a number of species have been recently taxonomically reassigned to some newly described genera (Liu et al. [@CR36]).

Four out of 36 species (about 11 %) could be regarded as potential novel yeast species according to their phylogenetic affiliation and sequence similarity with the closest related type strain. As for bacteria, these yet undescribed yeast taxa confirmed that forest sites can represent a reservoir of unexplored members of microbial communities. Their taxonomic assignment via polyphasic characterization is in progress.

PCA plots on the total bacterial diversity recovered at each site and each season (without distinction between psychrophiles and mesophiles) demonstrated site-specific biodiversity independent of the season (Fig. [3](#Fig3){ref-type="fig"}b): spring and autumn isolates from each site clustered together and apart from the remaining sites. However, community structures between strains isolated at 0 and 20 °C were different (Fig. [3](#Fig3){ref-type="fig"}a). Among the latter we observed that a few dominant culturable taxa were present at all sites in both seasons. This indicates the presence of a resilient culturable bacterial population that is not affected by season or altitude. In contrast, strains isolated at 0 °C from the submontane and the montane site were distinct from those from the subalpine and the alpine site in both seasons, which demonstrates differences in bacterial community composition at lower and higher altitudes. Similar results were found with non-culture based assessment of bacterial communities at the sites investigated in this study in spring: the highest bacterial richness and diversity was found at the site at the lowest altitude (Siles and Margesin [@CR65]). Distinct microbial community structures correlating with altitude have been observed in subalpine and alpine environments (Lipson [@CR34]), Himalayan slopes (Gangwar et al. [@CR23]) and in Indian (Ma et al. [@CR39]), Chinese (Xu et al. [@CR81]) and Peruan mountains (Fierer et al. [@CR18]) among others.

Diversity indexes reported clear differences in yeast community parameters for isolations at 4 and 20 °C at the four sites: at the lower temperature, the dominance of a few species was found, while at 20 °C a more uniform species distribution was observed (Table [3](#Tab3){ref-type="table"}). Interestingly, PCA plots on the total yeast diversity recovered at each site and in each season (without distinction between psychrophiles and mesophiles) reported an apparent season-dependent biodiversity (Fig. [4](#Fig4){ref-type="fig"}b). The different distribution patterns observed between bacterial and yeasts community structure could be the consequence of the existence of different factors governing bacterial and yeast culturable communities in the studied soils. Our data indicate that the diversity of culturable yeasts was more susceptible to seasonal changes, in close agreement with the study of Turchetti et al. ([@CR74]). As reported by Botha ([@CR5]), growth and survival of a particular yeast in soil may not solely depend on the intrinsic abilities of the yeast, but is a cumulative result of a number of interactions within each soil microbial community. Combinations of abiotic factors have been reported to apparently explain only a part of the distribution of the predominant yeast species, whereas vegetation type could play the same role for orders (Vishniac [@CR78]). In contrast, the diversity of culturable bacterial communities seemed to be more affected by temperature, which resulted in changes related to altitude and isolation temperature. A more recent study (Birkhofer et al. [@CR3]) explored the relationship between soil properties and soil biota in managed grassland and forest soils and reported a general correlation of abundance and diversity patterns of fungi and soil fauna with soil properties. However, the extraction of variation, explained by location and land-use type, led to the conclusion that soil properties still explain significant proportions of variation in the abundance and diversity of soil biota.

Altogether, this study is the first report on seasonal and altitudinal changes considering both bacterial and yeast culturable diversity in Alpine forest soils. Distinct differences between culturable bacterial and yeast diversity related to altitude, season and isolation temperature were recognized. Our data also showed a remarkably high occurrence of potential novel bacterial species (more than 50 % of the retrieved 112 OTUs) and yeast species (about 11 % of the retrieved 36 species) that may be of ecological relevance at all altitudes. The percentage of potential novel yeast species observed in our study is comparable with that reported for unexplored diversity predicted for forest soils (Yurkov et al. [@CR86], [@CR87], [@CR88]).

The application of higher coverage molecular techniques might give additional insights into the altitudinal and seasonal patterns of psychrophilic and mesophilic microbial communities at the investigated sites. For a better understanding of changing climate conditions (associated with altitude and seasonality) on soil microorganisms, more research is needed and especially important with regard to the consequences of the global change of climate on forest soils.
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